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Here, we characterize the Arabidopsis thaliana embryo-defective mutant increased size exclusion limit2 (ise2). In contrast with

wild-type embryos, ise2 mutants continue to traffic 10-kD fluorescent dextran in the mid-torpedo stage of development. ise2

embryos contain branched as well as simple plasmodesmata (PD) compared with wild-type embryos, which only contain

simple PD. Positional cloning reveals that the ISE2 gene encodes a putative DEVH box RNA helicase that shares sequence

homology with RNA helicases involved in RNA degradation pathways in other organisms. ISE2 localizes to granule-like

structures in the cytoplasm. These granules increase in number when plant cells are stressed. These features are char-

acteristic of stress granules (SGs) in mammalian cells, suggesting that ISE2 granules represent plant-specific SGs. Genetic

data demonstrate that the ISE2 helicase is involved in posttranscriptional gene silencing and the determination of cell fate.

These data together suggest that ISE2 function affects PD structure and function through the regulation of RNA metabolism

and consequent gene expression.

INTRODUCTION

Plant embryogenesis is a complex developmental process dur-

ing which cell division and gene expression patterns are coor-

dinated to establish the basic body plan of the organism. The

morphological and developmental changes that take place dur-

ing embryogenesis are well known (Berleth and Chatfield, 2002).

However, the molecular and cellular mechanisms that underlie

embryonic programming are not well understood. In Arabidopsis

thaliana, it is estimated that at least 4000 essential genes need to

be spatially and temporally regulated and finely coordinated

during embryogenesis (Goldberg et al., 1989; West and Harada,

1993; Jurgens, 1995). To date, genetic studies have identified

almost 350 genes affecting Arabidopsis embryogenesis (Tzafrir

et al., 2004). Our laboratory is specifically interested in identifying

genes, first expressed during embryogenesis, that are essential

for intercellular communication.

Plant cells are encased in cell walls and are interconnected by

dynamic intercellular channels termed plasmodesmata (PD)

(reviewed in Roberts, 2005). The plasma membrane forms the

outer limits of PD, and the desmotubule, derived from the en-

doplasmic reticulum (ER), forms the central axial core of PD. The

space between the plasma membrane and the desmotubule

provides a soluble conduit connecting the cytoplasm between

adjacent cells. PD are essential gatekeepers for plant cell-to-cell

transport and communication during all stages of plant growth,

including embryogenesis. As PD have the innate ability to trans-

port macromolecules, developmental transitions in PD function

and aperture likely play critical roles in the transmission of mac-

romolecular signals to coordinate differentiation pathways (Lee

et al., 2003; Zambryski, 2004).

Ultrastructural observations suggest that all cells of the Arabi-

dopsis embryo are connected by primary simple PD (Mansfield

and Briarty, 1991). Consistent with observations in adult plants

that less differentiated cells containing simple PD (such as sink

tissues) have a larger PD aperture (Oparka et al., 1999; Crawford

and Zambryski, 2000), embryonic simple PD allow increased

cell-to-cell transport of macromolecules (such as 2X and 3X of

54 and 81 kD, respectively, green fluorescent protein [GFP])

compared with adult tissues (Kim et al., 2005a, 2005b). Detailed

studies monitoring three different stages of embryogenesis

indicated that different regions of the embryo body have distinct

PD aperture defined as size exclusion limits (SELs), resulting in

the formation of four symplastic subdomains by the mid-torpedo

stage (Kim et al., 2005a, 2005b). These subdomains correspond

to the basic plant body plan and include the shoot apex,

cotyledons, hypocotyls, and root. Such studies predict that the

regulation of the PD aperture is critical for embryonic patterning.

PD apertures/SELs fluctuate depending on physiology, devel-

opment, and type of cell/tissue (Kobayashi et al., 2005). Previ-

ously, we determined that PD apertures are downregulated

during embryogenesis (Kim et al., 2002). Fluorescently labeled

(F) dextran tracers were introduced exogenously into embryos at

different stages, and the extent of tracer cell-to-cell movement
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was evaluated. Early embryos (i.e., late-heart to early-torpedo

stages) transport 10-kD F-dextran cell to cell, but PD aperture is

downregulated at the torpedo stage so that wild-type mid-

torpedo embryos no longer exhibit loading and cell-to-cell

transport of 10-kD F-dextran. To identify genes that regulate

PD aperture and function, embryo-defective lines were screened

individually by fluorescence microscopy to identify mutants,

called increased size exclusion limit (ise), that continued to traffic

10-kD F-dextran beyond mid-embryogenesis. This functional

assay identified 15 ise mutant lines from 5000 embryo-defective

lines screened (Kim et al., 2002).

Here, we present a detailed analysis of the ise2 line, which is

allelic to emb25 (Franzmann et al., 1995) and maps to position

100 centimorgan on the lower arm of chromosome 1 (Kim et al.,

2002). ise2 mutants have a pleiotropic phenotype during embryo-

genesis and seedling development, including modification of

embryonic PD ultrastructure and alterations in cell fate. Genetic

data reveal that ISE2 is required during posttranscriptional gene

silencing (PTGS). The ISE2 gene encodes a putative DEVH box

RNA helicase sharing sequence homology with RNA helicases

involved in RNA metabolism in other eukaryotes. ISE2 localizes

to cytoplasmic granules that share features with one of the major

classes of mRNA-containing granules in mammalian cells, called

stress granules (SGs). The potential mechanism(s) of ISE2 func-

tion in the regulation of PD aperture/SEL is discussed.

RESULTS

Identification of the ise2 Mutant by Screening for Altered

Cell-to-Cell Transport

The ise2 embryo mutant phenotype segregates as a single

recessive trait, and since no unfertilized ovules were observed

in ISE2/ise2 heterozygote siliques, the ISE2 gene acts after

fertilization (Kim et al., 2002). Ninety percent of ise2 mutant

embryos continue to traffic 10-kD F-dextran after the mid-

torpedo stage. As wild-type PD undergo a downregulation in

aperture at this stage, leading to their inability to traffic 10-kD

F-dextran, these results suggested that the ise2 phenotype is

correlated with an alteration in PD function that manifests in

defective development. Alteration in PD-mediated cell-to-cell

transport is not a general feature of embryo-defective lines, as

the majority (>99%) of the embryo-defective lines we screened

do not exhibit alterations in F-dextran transport (Kim et al., 2002).

ise2 development was compared with wild-type embryo de-

velopment. Wild-type embryos turn green at the heart stage of

embryogenesis, indicative of chloroplast development from pro-

plastid progenitors (Schulz and Jensen, 1968; Mansfield and

Briarty, 1991). Wild-type and ISE2/ise2 heterozygous embryos

remain green as their organs, such as hypocotyls and cotyle-

dons, develop. The corresponding ise2 embryos (from the same

silique) were white by light microscopy and never turned green

even at later stages, as generally occurs with embryo-lethal

mutants (Yadegari et al., 1994). ise2 embryos were reduced in

size compared with wild-type embryos, and their cotyledons

were smaller, with irregular borders, pointed tips, and uneven

sizes (Figure 1). The slight red chlorophyll fluorescence seen in

Figure 1B is due to image capture at high gain that is possible via

fluorescence microscopy, confirming that ise2 embryos produce

very low levels of chlorophyll. ise2 embryos have proportionally

thicker hypocotyls and smaller cotyledons (see Supplemental

Figure 1 online). However, the general organization of the tissues

in the embryonic axis, such as procambial strands (see below),

ground tissue, and protodermis, was indistinguishable from that

of wild-type embryos described in the literature (Figure 1C)

(Mansfield and Briarty, 1991). The ise2 radicle and the shoot

apical meristem (SAM) appeared normal but were often larger

(see Supplemental Figure 1 online). ise2 mutant embryos de-

velop more slowly compared with wild-type embryos during the

later stages of development. Abnormal morphology starts to be

evident only after the heart stage. Figure 1D diagrams the 10-kD

F-dextran loading assay.

ise2 seeds can germinate in vitro on agar plates containing

Murashige and Skoog (MS) salt plus 1% sucrose, although the

growth/developmental rate of ise2 seedlings was slower com-

pared with that of wild-type seedlings. Whereas wild-type seed-

lings displayed fully expanded green cotyledons, true leaves,

and a well-developed root system by 14 d after germination, ise2

seedlings were much smaller and white or pale green in color

(Figure 2A). Underdeveloped cotyledons emerged from the ise2

seeds but expanded very slowly and sometimes showed bumpy

irregular surfaces and occasional anthocyanin expression (Fig-

ure 2B). Partial greening was observed in ise2 seedlings only

after culture for several weeks (Figure 2E). Most of the ise2

seedlings developed leaf-like structures that were translucent

and contained trichomes (Figures 2C and 2D). The aerial portions

of the ise2 seedlings generally were stunted and thicker and

frequently exhibited callus-like structures after extended periods

Figure 1. F-Dextran Loading of Wild-Type and ise2 Mid-Torpedo Em-

bryos.

(A) Partial loading at the base of a wild-type cotyledon is indicated by the

arrowhead in the higher magnification shown in the boxed area.

(B) Green region shows 10-kD F-dextran in the hypocotyl of ise2.

(C) Longitudinal section of an ise2 embryo stained with Safranin-O and

Fast Green.

(D) Schematic representation of Arabidopsis embryo dye-loading assay.

Bars ¼ 50 mm in (A) and (B) and 20 mm in (C).
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of culture (lower part of Figure 2E). Mutant seedlings often form

stunted inflorescence shoot– and flower–like organs (Figure 2F)

but normal-looking roots and root hairs (Figure 2G). Frequently,

multiple short shoots originate from the apical dome of a single

original seedling, forming a broccoli-like structure (upper part of

Figure 2E). ise2 seedlings grown in culture with 1% sucrose are

sterile and perish immediately after germinating in soil or on MS

medium without sucrose.

ise2 Embryos Have Branched PD

Embryonic PD resemble primary simple PD in their structure

(Mansfield and Briarty, 1991). As ise2 mutants are altered in PD-

mediated cell-to-cell transport, we determined whether ise2 PD

exhibited any structural abnormalities. We processed ise2 and

wild-type embryos by high-pressure freezing/freeze substitution

and analyzed the structural features of PD at several embryo

developmental stages. Surprisingly, in all ise2 embryos from late-

heart to late-torpedo stages, 15% of their PD exhibited branched

morphology (Figures 3B to 3D), in contrast with the single simple

PD observed in wild-type embryos (Figure 3A). Branched PD

were randomly distributed throughout the whole body of em-

bryos, and no variation in their frequency was observed among

late-heart, early-torpedo, and late-torpedo stages. An equally

thorough transmission electron microscopy examination of dif-

ferent stages of emb25 embryos revealed a similar frequency of

branched PD. Fifteen percent obvious alteration in PD architecture

Figure 2. Phenotype of ise2 Seedlings.

(A) ise2 and wild-type seedlings germinated in MS medium þ 1% suc-

rose at 2 weeks after germination.

(B) An ise2 seedling cotyledon at 5 d after germination.

(C), (D), and (G) SAM (C), leaf trichomes (D), and root (G) of an ise2

seedling at 21 d after germination.

(E) An ise2 seedling at 72 d after germination.

(F) Flower-like structure of an ise2 seedling after 21 d.

Bars ¼ 5 mm in (A) and (E), 1 mm in (B), (C), and (F), and 200 mm in (D)

and (G).

Figure 3. Micrographs of High-Pressure-Frozen/Freeze-Substituted

Cotyledon Cells.

(A) Wild-type embryo. A simple PD (arrowhead) connects to adjacent

cells.

(B) to (D) ise2 embryos. Arrowheads point to branched PD.

Bars ¼ 100 nm.
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is highly significant. Given that ise2 embryos have altered traf-

ficking patterns, the remaining PD may also be altered in a man-

ner not directly visible by transmission electron microscopy.

ISE2 Encodes a Putative DEVH Box RNA Helicase

The ISE2 gene was isolated by positional cloning (Figure 4A) and

corresponds to At1g70070, encoding a putative DEVH RNA

helicase. The protein has an expected size of 132 kD and

possesses all of the conserved sequences and domain motifs

directly associated with RNA helicase activity (see Supplemental

Figure 2 online) (de la Cruz et al., 1999). An uncharacterized

mutation in this gene that affects seed pigment has been

reported as pde317 (www.seedgenes.org). The ISE2 gene is

encoded by 4181 nucleotides, with six exons interrupted by five

introns (Figure 4B). A full-length cDNA clone (3564 nucleotides)

was assembled from cDNA by RT-PCR amplification of the 59

half (from ATG to the XhoI site at position 2522) and the 39 half

from genomic sequences without introns (from the XhoI site to

the stop codon TAG) subcloned from the F20P5 BAC clone.

Allelic tests (see Methods for details) performed by crossing

heterozygous ISE2/ise2 (or emb25/EMB25) plants to heterozy-

gous pde317 carrying a T-DNA insertion in the At1g70070 open

reading frame support the positive identification of the ise2

mutation in this predicted RNA helicase gene.

Importantly, all alleles tested, ise2, emb25, and pde317,

showed consistently similar embryo-defective phenotypes and

lack of PD aperture/SEL downregulation after the torpedo stage,

determined by the F-dextran dye-loading assay (Figure 1D),

comparable to those shown for ise2 in Figure 1B. Direct se-

quencing of ise2 and emb25 genes indicated that ise2 has a

premature STOP codon at Gln-61 (CAG to TAG) and emb25 has

a change of Asp-275 to Asn (GAT to AAT) in the very conserved

DEVH box (Figure 4B), which likely affects helicase function of

the ISE2 protein, as analogous changes in related RNA helicases

are critical for function (Cheng et al., 2005; Sengoku et al., 2006).

The T-DNA insert in line pds317 is located at the 39 end of the last

exon corresponding to the position at amino acid 904 (see

seedgenes.org for more details).

Thus, all three mutations map the same gene, At1g70070,

encoding a putative DEVH RNA helicase. To further confirm the

identity of the ise2 locus, we performed a complementation test.

Notably, constitutive expression of the cDNA of ISE2 fused

N-terminally to GFP rescued the emb25 phenotype. Supple-

mental Figure 3 online presents molecular data documenting that

the transgenic rescued plant contains the expected transgenic

DNA fragments in the emb25 background. We renamed ise2 as

ise2-1, emb25 as ise2-2, and pde317 as ise2-3.

Phylogenetic analyses place the predicted ISE2 protein in the

superfamily II RNA helicases, corresponding to the budding

yeast Ski2p DExh RNA helicase family (de la Cruz et al., 1999).

Supplemental Figure 2 online shows the high degree of homol-

ogy between consensus helicase motifs between ISE2 and

Ski2p. In yeast, the Ski2p RNA helicase is a main component

of the Ski complex involved in the 39 to 59 cytoplasmic mRNA

degradation pathway also found in Drosophila and mammalian

cells (Dangel et al., 1995; Seago et al., 2001). In yeast, proteins of

the Ski complex mediate degradation of mRNA by the exosome,

Figure 4. Mapping and Cloning of the ISE2 Gene.

(A) Genetic and molecular map of ise2. The frequency of recombination

between PCR-based cleaved-amplified polymorphic sequence markers

in a mapping population of 700 plants was scored. The least frequent

recombinants (>0) were six plants with markers positioned at 26,335,000

bp and two plants with markers positioned at 26,477,100 bp. Thus, ise2

maps to the F20P5 BAC genomic region, an interval of 100 kb predicted

to contain 31 genes (At1g70220 to At1g70020; www.Arabidopsis.org).

Genomic DNA sequencing from position 26,465,000 bp toward the

centromere in both homozygous mutants ise2 and emb25 indicated

single nucleotide changes at the At1g70070 locus.

(B) Top, model of the ISE2 gene. Exons are shown as black bars. Changes in

the amino acid and DNA sequences of ise2 or emb25 alleles are noted. The

scale bar represents 500 bp. Bottom, schematic diagram of ISE2 showing

the location of a putative signal peptide (small black bar), the helicase motifs

within the white region, and the C-terminal region (black). aa, amino acids.

(C) Phylogenetic tree of ISE2 homologs in Arabidopsis using the neighbor-

joiningBLOSUM 62matrix (BLASTP) and represented graphically by Jalview

software. The Bootstrap statistical analyses were made with the software

ClustalX using the Bootstrap Neighbor-Joining Tree function, and calculated

percentage significance values are indicated in each branch. At bottom is a

list of the closest Arabidopsis homologs with percentage amino acid identity

to ISE2.
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a 39 exonuclease complex (Anderson and Parker, 1998; Brown

et al., 2000) (see Discussion).

In Arabidopsis, in addition to ISE2, the Ski2p-related RNA

helicase family consists of three helicase genes: HUA enhancer2

(HEN2; At2g06990), At3g46960, and At1g59760 (Figure 4C). The

only member with assigned function is HEN2, which is required

for the maintenance of B and C gene expression in the repro-

ductive whorls and for normal spacing and number of perianth

organ primordia (Western et al., 2002). The At3g46960 open

reading frame is most closely related to ISE2. In global phyloge-

netic analyses, ISE2 shares homology with the Oryza sativa RNA

helicase (XP_467691.1) and with Cyanobacterium RNA helicases

(e.g., ZP_00673565.1) (see Supplemental Figure 2 online). The

amino acid sequence homology between ISE2 and the At3g46960

open reading frame or yeast Ski2p is mostly confined to the con-

served RNA helicase domains. However, a short region near the

N terminus and the large C-terminal half outside the conserved RNA

helicase domain, which together constitute almost half of ISE2,

show less significant similarity to other Arabidopsis RNA heli-

cases, suggesting the ISE2 helicase may have unique properties.

ISE2 transcripts are expressed at low levels and could not be

detected by standard total RNA [or poly(A)-enriched mRNA] gel

blot analyses. RT-PCR analyses indicated that ISE2 transcripts

are present in all organs analyzed, with slightly less abundance in

the root (see Supplemental Figure 4 online). Data obtained from

Genesnavigator (www.genesnavigator.com; Zimmermann et al.,

2004) indicated that there is no particular organ or treatment(s) in

which ISE2 expression is induced or repressed dramatically.

Polyclonal antibody produced against the C terminus of ISE2

detected a single band of ;140 kD in total protein extracts pre-

pared from wild-type seedlings (see Supplemental Figure 4 online)

corresponding to the predicted size of the ISE2 gene product.

This 140-kD protein is absent in the ise2-1 mutant.

Altered Expression Pattern of Cell Identity Markers during

ise2 Embryogenesis

ise2 embryos develop more slowly than wild-type embryos but

do not have a severely defective body plan. We evaluated

whether ise2 embryos were affected in the cell-specific expres-

sion of several genes that are normally expressed during wild-

type embryogenesis. We first crossed ise2 heterozygous plants

to a transgenic Arabidopsis line expressing ER-localized GFP

under the control of 3.3 kb of the promoter region of SHOOT

MERISTEMLESS (STM). GFP localization was monitored in wild-

type and ise2 embryos. Previously, we extensively characterized

the activity of this STM promoter in wild-type embryos (Kim et al.,

2005b). At wild-type mid- and late-torpedo stages, GFP signals

were detected in the SAM and in the lower part of the hypocotyl

near the root (Figure 5A). In ise2 embryos, GFP was expressed

Figure 5. Expression of Cell Identity Markers during ise2 Embryogenesis.

Wild-type embryos ([A], [C], [E], [G], and [I]) and ise2 embryos ([B], [D],

[F], [H], and [J]). Expression of the STM::ER-GFP marker line in late-

torpedo stage embryos occurs in the wild-type SAM and lower hypocotyl

(A) and ectopically in ise2 (B). The J2301 line expressing ER-GFP in the

wild-type root (C) is reduced in the ise2 root (D). The J2341 line

expresses ER-GFP at the wild-type SAM (E), and broader expression,

including in the basal part of cotyledons, is seen in ise2 J2341 (F). Pro-

vascular and meristem-specific expression is seen in wild-type M0164

(G), and altered provascular vein pattern, no meristem expression, and

ectopic root expression are seen in ise2 M0164 (H). Line M0221 ex-

presses ER-GFP in a domain surrounding the shoot meristem in both

wild-type and ise2 embryos ([I] and [J]). Bars¼ 50 mm except for (C) and

(D), in which the bar (shown in [D]) ¼ 20 mm. White arrowheads indicate

regions of changed expression of the GFP marker in ise2.
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more extensively both below the SAM and in the entire lower half

of the hypocotyl (Figure 5B).

This result prompted us to evaluate whether other cell identity

markers were also misexpressed in ise2 embryos. Haseloff GFP

reporter lines (http://www.plantsci.cam.ac.uk/Haseloff/) direct

tissue-specific expression of ER-GFP, due to the insertion of the

GAL4 transcriptional activator coding sequence immediately

downstream of cell-specific transcriptional enhancer elements.

We screened the available Haseloff lines and found four that

exhibit GFP expression in specific regions of the embryo. Line

J2301 expresses GFP in cell files of the root epidermis (Figure

5C). Line J2341 expresses GFP in the shoot (Figure 5E) and root

apical meristems (not visible in Figure 6E, but this can be seen in

Kim et al., 2005a). Line M0164 expresses GFP in the procambial

strands of the cotyledons (Figure 5G). Line M0221 expresses

GFP in a domain surrounding the shoot meristem (Figure 5I). We

crossed ise2 heterozygous plants to each of these lines and

determined the expression pattern of GFP. J2301-ise2 mutants

expressed GFP in a smaller region of the root epidermis com-

pared with the wild type (Figure 5D). J2341-ise2 mutants ex-

pressed GFP in a broader region near the SAM that extended into

the base of the cotyledons (Figure 5F). M0164-ise2 mutants

resulted in reduced GFP expression in the procambial strands of

the cotyledons (Figure 5H), likely reflecting the fact that procam-

bial strands are not well developed in ise2 mutants (see below). In

addition, M0164-ise2 mutants expressed GFP ectopically in the

root epidermis (Figure 5H). Expression of GFP in M0221-ise2

mutants does not appear to be affected (Figure 5J). Thus, while

ise2 embryos exhibit normal general organization of their tissues,

the studies with GFP reporters suggest that the number of ise2

cells with specific identities is reduced (exemplified by J2301-ise2

and M0164-ise2) or expanded (exemplified by STM-ise2 and

J2341-ise2).

We monitored the expression of reporter genes at the mid-

torpedo stage of development, as this is the time when we can

detect a morphological distinction between ise2 and wild-type

embryos. Furthermore, this is the time when ise2 exhibits an

alteration in PD function (monitored by F-dextran transport)

compared with wild-type embryos.

Supplemental Figure 5 online provides additional data to

analyze one particular differentiation program, the development

of leaf vein patterns. ise2 cotyledons and first true leaves consis-

tently exhibit aberrant vein patterns with reduced or bifurcated

veins.

ise2 Mutants Have Decreased PTGS

Several factors influenced our decision to examine PTGS in ise2.

First, the ISE2 putative RNA helicase shares homology with other

RNA helicases participating in mRNA turnover and silencing

(Figure 4) (Orban and Izaurralde, 2005). Second, mRNA turnover

and RNA silencing pathways likely interact (Belostotsky, 2004;

Gazzani et al., 2004). To test whether mutations in the ISE2

predicted RNA helicase gene have an effect on transgene

silencing, we crossed ise2 to the L1 35S::GUS transgenic line

that displays PTGS of the b-glucuronidase (GUS) reporter in fully

expanded leaves and cotyledons (Elmayan et al., 1998; Peragine

et al., 2004). Consistent with previous reports, crossing the

sgs3-11 mutation (which severely attenuates PTGS) into the L1

line prevented the silencing of GUS so that all leaves of the shoot

display blue staining (Figure 6C) (Peragine et al., 2004). PTGS

against the GUS gene also was suppressed in L1/ise2 mutant

seedlings germinated in vitro, resulting in intense GUS staining at

hypocotyls, petioles of cotyledons, cotyledons, and true leaves

(Figure 6B). GUS staining was completely absent in the original

ise2 seedling. As reported previously, wild-type L1 seedlings

consistently show very weak GUS staining indicative of PTGS

(Figure 6A).

Suppression of RNA silencing can result from the inhibition of

short interfering RNA (siRNA) synthesis or siRNA activity (RNA-

induced silencing complexes). To investigate which of these

steps is inhibited in ise2, we determined the level of siRNA

specific to GUS mRNA in the L1 background and in ise2 in the L1

background, where it shows suppression of PTGS. Both lines

produce equivalent amounts of 21-nucleotide siRNAs (Figure 7).

By contrast, as reported previously, the sgs3 mutant in the L1

background does not accumulate siRNAs (Figure 7). SGS3

protein is believed to be involved in the early steps of the

silencing pathway by converting single-stranded RNA into the

double-stranded RNA precursors of siRNAs (Mourrain et al.,

Figure 6. Gene Silencing in ise2.

(A) to (C) Effects of sgs3-11 and ise2-2 on posttranscriptional silencing of

the L1 35S::GUS transgene. The wild-type L1 seedling (A) shows

silencing of GUS, but sgs3-11 (C) and ise2-2 (B) prevent silencing in

cotyledons, shoots, and leaves.

(D) to (G) Assay for miRNA-mediated silencing during ise2 embryogen-

esis.

(D) GFP142 line (35S:ER-GFP) expressing ubiquitous ER-GFP, except in

the root.

(E) Transgenic sde1 torpedo embryo carrying the GFP171.1 construct,

showing provascular GFP expression.

(F) Transgenic double mutant sde1 ise2 torpedo embryos carrying the

GFP171.1 construct showing similar provascular GFP expression.

(G) Schematic representation of the GFP171.1 construct.

Bars ¼ 1 mm in (A) to (C) and 50 mm in (D) to (F).
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2000; Dalmay et al., 2001); in support of this, SGS3 is not re-

quired for PTGS initiated by hairpin transgenes (Beclin et al.,

2002).

To further characterize the role of ISE2 during RNA silencing,

we assayed for the production of trans-acting siRNAs. SGS3 is

required for the production of trans-acting siRNAs (Peragine

et al., 2004; Yoshikawa et al., 2005), and we confirmed that sgs3

does not produce ta-siR1511 (Figure 7). By contrast, ise2 seed-

lings accumulate 21-nucleotide ta-siR1511 to wild-type levels.

Thus, ise2 does not affect the production of siRNAs or trans-

acting siRNAs. These data together suggest that ISE2 is involved

in the later steps of PTGS, potentially during siRNA-mediated

degradation of target mRNAs.

MicroRNA-Mediated mRNA Downregulation Is Not

Altered in ise2

We next evaluated whether the ISE2 predicted RNA helicase is

involved in microRNA (miRNA)-mediated RNA silencing during

embryogenesis. Toward this end, we obtained a transgenic line

constitutively expressing a modified version of ER-GFP mRNA

that contains a complementary sequence to miRNA171 in its 39

noncoding region (Figure 6G). GFP mRNA then is degraded by

the silencing pathway when and where endogenous miRNA171

is expressed (Parizotto et al., 2004). Control embryos expressing

ER-GFP alone (line GFP142) showed GFP signals in the whole

embryo, except in the root (Figure 6D). By contrast, torpedo

embryos carrying ER-GFP fused to miRNA171 in the sde1

background (without transitivity and secondary siRNA produc-

tion) produce GFP signals most strongly in procambial region

strands and cells immediately surrounding these regions (Figure

6E). The lack of GFP signals in the rest of the embryo implies

that miRNA171 is expressed in these cells leading to ER-GFP

mRNA degradation, analogous to that reported for adult plants

(Parizotto et al., 2004). ise2/sde1 embryos carrying the ER-GFP

miRNA171 construct showed a similar GFP expression pattern

(Figure 6F); the slight differences between wild type/sde1 and

ise2/sde1 silencing reflect the altered morphogenesis and vein

patterns in ise2. These data suggest that ISE2 does not affect

miRNA171-mediated RNA silencing during embryogenesis. To-

gether, these results imply that miRNA-induced silencing is not

affected in ise2 mutants. Furthermore, RNA gel blot analysis

using a miRNA171 probe indicates that wild-type and ise2 mu-

tant seedlings have comparable levels of miRNA171 (Figure 7).

Subcellular Localization of ISE2

To determine the subcellular localization of the ISE2 predicted

RNA helicase, we produced transgenic plants expressing ISE2

fused at its C terminus to GFP. A construct containing the

entire intergenic region upstream of ISE2 and 65 nucleotides

of the coding sequence of ISE2 placed upstream of GFP did

not result in reporter gene expression. Instead, we used the 35S

promoter to drive ISE2-GFP expression. As mentioned above

in our complementation analyses, this version of ISE2 fully res-

cued the ise2 mutant phenotype. Cauliflower mosaic virus 35S–

mediated overexpression of ISE2-GFP (or ISE2) in wild-type

plants did not cause major phenotypic alterations, except for

slight chlorosis.

Transient expression of ISE2-GFP in Agrobacterium tumefa-

ciens–infiltrated Nicotiana benthamiana leaves reveals GFP

signal in distinct granule-like cytoplasmic structures (Figure

8A). Similarly, in transgenic ISE2-GFP Arabidopsis, ISE2-GFP

fluorescence was found in cytoplasmic bodies often in close

proximity to chloroplasts (Figure 8B). These bodies appeared to

be mobile as part of cytoplasmic streaming in roots and root

hairs; Figure 8C shows ISE2-GFP fluorescence in the elongated

cells of the hypocotyl epidermis in transgenic ISE2-GFP Arabi-

dopsis. The approximate size of the ISE2-GFP bodies is 0.2 to 0.5

mm, which is similar to the size of mitochondria observed by

confocal microscopy. However, staining with Mitotracker Red

indicated that ISE2-GFP localization is independent of mito-

chondria (Figure 8D). The homogeneity in ISE2-GFP body num-

ber per cell, size, and shape make it unlikely that they represent

aggregates from overexpressing ISE2-GFP.

ISE2 Granules Are Likely SGs

The observed ISE2-specific cytoplasmic granules resemble two

subcellular structures known to interact dynamically with mRNAs

in yeast and mammalian cells: processing (P)-bodies and SGs

(reviewed in Anderson and Kedersha, 2006; Eulalio et al., 2007).

P-bodies contain components of the 59 to 39 mRNA decay ma-

chinery, the nonsense-mediated decay pathway, and the miRNA-

induced silencing complex. Following environmental stresses

such as heat, SGs accumulate mRNAs encoding many cellular

proteins except for heat shock proteins. While P-bodies and SGs

Figure 7. RNA Gel Blot Assay for Small RNAs.

miR171 RNA, siRNA specific to GUS, and ta-siR1511 were detected

using oligonucleotide probes. The bottom panel shows the U6 loading

control. RNA samples are from wild-type L1, ise2/L1, and sgs3-11/L1

seedlings.
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are distinct, they share many protein components and associate

with each other during stress (Teixeira et al., 2005; Wilczynska

et al., 2005).

We performed a series of experiments to determine whether

ISE2 might be part of a P-body or SG type of cytoplasmic RNA

granule. We first evaluated ISE2 granules following heat shock

treatment. Transgenic seedlings constitutively expressing ISE2-

GFP were placed at 378C for 3 to 4 h. We observed a 1.5-fold

increase in the average number of ISE2-GFP granules in treated

versus untreated samples; Figure 8E shows ;93 granules in

control cells versus 146 granules in the heat-treated cells (Figure

8F). Supplemental Figure 6 online provides quantitative distribu-

tions of data (from 12 control and 17 heat-treated samples)

illustrating that the frequency of ISE2 granules increases upon

heat treatment. These results suggest that ISE2 is a SG-type

cytoplasmic granule. Importantly, ISE2 granules did not aggre-

gate even under these conditions.

Next, we tested whether ISE2 colocalizes with plant-specific

markers for cytoplasmic granules. There are no plant-specific SG

marker proteins identified to date. However, a recent report

identifies several Arabidopsis P-body–specific proteins, DCP2,

DCP1, and VARICOSE (Xu et al., 2006). DCP1 and DCP2 are

exclusive markers of P-bodies in yeast and mammalian cells.

Figure 9 presents data obtained from two representative cells

coexpressing ISE2-GFP and DCP2-RFP (for red fluorescent

protein). Both cells reveal the presence of green ISE2 granules

and red DCP2 granules (Figures 9A to 9F). The upper panels

(Figures 9A to 9C), representing the majority of cells observed, do

not reveal colocalization between ISE2 and DCP2. These data

suggest that ISE2-type granules are distinct from DCP2 P-body–

type granules. However, ;20% of cells analyzed (Figures 9D to

9F) revealed significant colocalization between ISE2 and DCP2.

In summary, ISE2 granules increase under heat stress and are

distinct from P-bodies in ;80% of cells coexpressing ISE2 and a

P-body marker protein. However, both granules can colocalize.

Notably, P-bodies and SGs associate with each other in mam-

malian cells under oxidative stress (Kedersha et al., 2005),

suggesting that the colocalization between ISE2 and P-bodies

may reflect a stress response in a fraction of transfected cells.

DISCUSSION

Mutations in ISE2 result in both functional and structural changes

in PD during Arabidopsis embryogenesis. First, ise2 causes an

alteration in PD function, allowing continued transport of large

fluorescent tracers such as 10-kD F-dextran beyond the early

torpedo stage. Second, ise2 mutants contain a highly signifi-

cant number (15%) of PD with altered, branched architecture.

Branched PD were observed at three developmental stages—

late-heart, early-torpedo, and late-torpedo embryos—in two

independent mutants, ise2-1 and ise2-2 (formerly emb25).

Molecular cloning of the ISE2 gene reveals that it encodes a

putative DEVH box RNA helicase belonging to the yeast Ski2p

RNA helicase family. The ISE2 DEVH box putative RNA helicase

contains all of the consensus conserved motifs for RNA heli-

cases. Subcellular localization of ISE2-GFP reveals granule-like

bodies, suggesting that ISE2 may be part of a relatively large com-

plex. ISE2 bodies are uniform in size, suggesting that they do not

result from aggregation due to overexpression.

There are numerous well-established posttranscriptional pro-

cesses that regulate eukaryotic gene expression, such as mRNA

degradation, translational repression, and various types of RNA-

mediated gene silencing. However, it has only become apparent

more recently that many of these processes occur in discrete

cytoplasmic mRNA-containing particles, such as P-bodies or

SGs (Anderson and Kedersha, 2006; Eulalio et al., 2007). That

ISE2 also localized to discrete cytoplasmic granules prompted

Figure 8. Subcellular Localization ISE2-GFP.

(A) N. benthamiana leaves agroinfiltrated with ISE2-GFP and viewed at

48 h after infection.

(B) Cotyledon cells from transgenic Arabidopsis seedlings showing ISE2-

GFP granules compared with chloroplasts (red).

(C) Elongated hypocotyl epidermal cells from transgenic Arabidopsis

seedlings showing ISE2-GFP granules.

(D) Root hair cell from a transgenic ISE2-GFP (green dots) Arabidopsis

seedling stained with Mitotracker Red (red dots).

(E) and (F) Control (E) and heat shock–treated (F) cotyledon cells from

ISE2-GFP transgenic Arabidopsis seedlings.

White arrowheads indicate ISE2-GFP granules, the red arrowhead in-

dicates chloroplasts, and the blue arrowhead indicates mitochondria.

Bar ¼ 10 mm for (A), (C), (E), and (F) and 2 mm for (B) and (D).
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us to evaluate whether ISE2 granules might be P-bodies or SGs.

The data support the notion that ISE2 granules resemble SGs.

First, ISE2-granules/bodies are similar in size (;0.5 mm) to

cytoplasmic granules such as SGs. Second, the ISE2 DEVH

helicase is homologous to a class of helicases involved in RNA

decay (Orban and Izaurralde, 2005). Third, SGs contain compo-

nents participating in RNA degradation (e.g., Ago1) and transla-

tional repression, including RNA helicases (Cougot et al., 2004;

Leung et al., 2006). Fourth, SGs are highly dynamic; indeed, we

observed that ISE2 granules increase after a short time of

exposure to heat stress. Fifth, ISE2 is involved in the PTGS

pathway, as ise2 mutants suppress gene silencing of a GUS

reporter and SGs contain siRNAs involved in PTGS (Leung et al.,

2006). Sixth, coexpression of ISE2 and the DCP2 P-body–

specific protein reveals that ISE2 granules are distinct from

P-bodies in most cells coexpressing ISE2. However, in 20% of

the cells analyzed, both granules colocalized. These latter data

are supported by the fact that SGs and P-bodies can share many

of their components in mammalian cells (Kedersha et al., 2005;

Eulalio et al., 2007).

There is precedent for other granule-associated RNA helica-

ses in nonplant systems, such as the Rck/p54 RNA helicase that

is involved in mRNA degradation and localizes to discrete P-like

bodies and SGs in the cytoplasm (Eystathioy et al., 2003; Sheth

and Parker, 2003; Cougot et al., 2004; Eulalio et al., 2007). The

Vasa RNA helicase is a component of posterior polar granules

in the developing oocyte and is required to establish the spe-

cialized translational activity of the Drosophila polar cytoplasm

(Hay et al., 1988; Styhler et al., 2002; Cougot et al., 2004;

Abdelhaleem, 2005; Chu and Rana, 2006).

Multiple sequence alignment of ISE2-related RNA helicases

indicates that there are three consensus domains: an N-terminal

ATP binding/RNA helicase motif that includes the DEAD/DExH

box, a central helicase–C domain that is an integral part of DEAD/

DExH RNA helicases, and a C-terminal DSHCT (NUC185) do-

main. HEN2 was the first DExH box helicase of the Ski2p family

described in plants (Western et al., 2002). HEN2 shares 33%

amino acid identity with ISE2; this identity is confined to central

RNA helicase regions of HEN2 (71 to 525 amino acids), and HEN2

only shares 19% amino acid identity with ISE2 in the C-terminal

region (526 to 991 amino acids) (Western et al., 2002). The Ski2p

RNA helicase in yeast and its ortholog in Drosophila are the best-

studied examples of helicases implicated in the cytosolic exo-

some RNA degradation pathway (Anderson and Parker, 1998;

Orban and Izaurralde, 2005). The Ski2p helicase acts as a

heterotrimer together with Ski3p and Ski8p in the exosome

complex (Brown et al., 2000). In Drosophila, Ski2p is involved in

the degradation of the 59 mRNA product derived from miRNA-

mediated mRNA cleavage (Orban and Izaurralde, 2005). Yeast

and mammalian Ski2p function in the nonstop mRNA decay

pathway, which prevents the translation of 39 distal sequences in

mRNAs without stop codons (Frischmeyer et al., 2002; van Hoof

et al., 2002). ISE2 shares 35, 33, and 33% amino acid identity

with Ski2p orthologs in human, Drosophila, and yeast, respectively.

Figure 9. Subcellular Colocalization Studies of ISE2-GFP and DCP2-RFP.

N. benthamiana leaves were agroinfiltrated with ISE2-GFP and DCP2-RFP and viewed at 48 h after infection. (A) to (C) document one example of an

epidermal cell with independent localization of ISE2-GFP granules (white arrows) and P-body DCP2-RFP granules (white arrowheads). DCP2-RFP

exhibits a more diffuse signal. (D) to (F) show another example in which ISE2-GFP granules (green) (D) and the P-body DCP2-RFP granules (red) (E)

colocalize as yellow foci (F). (A) and (D) show the green GFP channel, (B) and (E) show the red RFP channel, and (C) and (F) show merged images. Blue

arrows indicate colocalized granules in (D) to (F). Bars ¼ 10 mm for (A) to (C) and 5 mm for (D) to (F).
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Further suggestive insight for a possible role of the ISE2

putative RNA helicase in RNA processing derives from the

observation that ise2 mutants suppress transgene PTGS. Other

RNA helicases are reported to be important for RNA silencing. In

Arabidopsis, the SDE3 RNA helicase is required for the produc-

tion of secondary silencing RNAs that are critical for the prop-

agation of systemic silencing and transitivity (Dalmay et al., 2001;

Himber et al., 2003). In Chlamydomonas reinhardtii, another

DEAH box RNA helicase is necessary to degrade aberrant

RNAs derived from the silencing of transposons and transgenes

(Wu-Scharf et al., 2000). Exactly what role such RNA helicases

play during silencing is not known. Here, we have shown that

ISE2 does not affect the synthesis of 21-nucleotide siRNAs,

suggesting that it acts at a later stage of the silencing pathway.

Indeed, this is in agreement with a protein (such as ISE2)

predicted to be involved in RNA processing and/or degradation.

If ISE2 is involved in RNA turnover, lack of the ISE2 RNA heli-

case may lead to the accumulation of RNAs that would normally

be degraded as embryogenesis proceeds. For example, mu-

tants of At PARN, a poly(A) 39 to 59 ribonuclease involved in the

deadenylation of mRNA during its degradation (Reverdatto et al.,

2004), are defective in the expression of a specific subset of

embryo-specific transcripts. It is highly likely that messages are

inappropriately expressed in ise2, as we observed alterations in

the patterns of expression of cell identity markers exemplified in

several independent GFP reporter lines. In support of this, mu-

tation of the decapping complex proteins DCP1, DCP2, or

VARICOSE in Arabidopsis, which also are exclusive components

of P-bodies, shows severely retarded postgermination pheno-

types, reflecting the fact that embryonic development was im-

paired (Xu et al., 2006).

To date, presumed factors that may regulate PD structure or

function localize to PD such as actin, myosin, and calreticulin

(reviewed in Roberts, 2005) and a recently identified kinase (Lee

et al., 2005). That ise2 embryonic PD are altered suggests that

the absence of the ISE2 affects a critical factor required for

correct PD formation and function.

In summary, RNA helicases act in diverse processes in gene

expression, such as transcription, RNA splicing, RNA transport,

RNA stability, and translation. We propose that ISE2 partici-

pates in determining the abundance of one or more mRNAs that

regulate PD function and structure during Arabidopsis embry-

ogenesis. Furthermore, sequence homology with RNA helica-

ses involved in mRNA turnover, participation in PTGS, and

localization to cytoplasmic SGs together indicate that ISE2

likely also represents a key player in regulating additional gene

expression essential for embryo development and RNA silenc-

ing. The ISE2 helicase localized to specific granules provides an

attractive probe to identify mRNAs that regulate PD function and

architecture.

METHODS

Arabidopsis Growth and Transformation

Arabidopsis thaliana seeds were stratified at 48C for 2 d, before growth at

248C with a 16-h-light/8-h-dark cycle, either on soil or on plates with MS

medium. Agrobacterium tumefaciens GV3101 carrying DNA constructs

was used to transform Arabidopsis ecotype Columbia or ISE2-2/ise2-2 by

the floral dip method. Homozygous ise2 seedlings were grown in MS agar

supplemented with 1% sucrose. Genomic DNA was purified from 3- to

5-week-old seedlings using standard methods. The emb25, pde317, sgs3-

11, and Haseloff enhancer trap lines were obtained from The Arabidopsis

Information Resource. The L1 GUS line was a gift from Herve Vaucheret,

and Olivier Voinnet kindly provided the GFP142 and GFP171.1 lines.

Isolation of ise2

ise2 was identified as described by Kim et al. (2002). One known mutant,

emb25 (Franzmann et al., 1995), and another, pde317 (www.seedgenes.

org), also showed a similar phenotype of increased aperture/SEL. Both

were subsequently found to be allelic to ise2 by genetic complementation.

Allelic Tests

The ise2-1 mutants were outcrossed to wild-type Landsberg erecta

plants twice prior to analysis. We previously established that ise2-1 and

ise2-2 (emb25) are allelic (Kim et al., 2002). To test for allelism between

ise2-1 (or ise2-2) and the pde317 T-DNA insertion line, the following

criteria were used. When ISE2-1/ise2-1 and PDE317/pde317 hetero-

zygous plants were crossed, 25% white seeds were observed among

the F1 progeny seeds. This could only be only possible if these plants

contained the same embryo-lethal mutations. Furthermore, phenotypi-

cally wild-type F2 plants were analyzed for the segregation patterns in

their F3 progeny. As expected, some (22) selfed F2 plants contained only

green seeds, and other (29) selfed F2 plants segregated 25% white seeds

among F3 progeny, confirming that ise2-1 (and ise2-2) are allelic to pde317

(T-DNA insert in At1g70070).

Dye-Loading Assay

Immature seeds were placed on a glass microscope slide with 50 mL of

0.53 MS liquid culture medium containing fluorescent tracer according to

the protocol described previously (Kim et al., 2002). All fluorescent probes

were prepared just before assay. Embryos were released from seed coats

as described previously and incubated in tracer solution for 5 min at room

temperature, following by extensive washing with 0.53 MS solution.

Embryos were then immediately observed by fluorescence microscopy.

Wild-type embryos were always included as a control.

Subcellular Localization of ISE2-GFP and RFP-DCP2

We performed three independent agroinfiltration assays using a mixed

inoculum from two Agrobacterium cultures harboring ISE2-GFP or RFP-

DCP2 in the binary vector pMCD85. Both cultures were induced for

Agrobacterium virulence gene expression and mixed together just prior to

infiltration. Several leaves on 6 to 10 plants were infiltrated for each

experiment, and expression was assayed at 48 h after infiltration by

confocal microscopy. Approximately 10% of transfected cells exhibited

coexpression of both constructs. Each experiment consistently resulted

in 25 to 30 coexpressing cells. In total, 86 cells were analyzed in detail. In

one experiment, 20% of the cells exhibited colocalization, and in the other

two experiments, the colocalization frequency was 18%.

Molecular Mapping

Heterozygous wild-type/ise2 plants (ecotype Landsberg erecta) were

crossed to wild-type female plants of ecotype Columbia to introduce

polymorphisms (Glazebrook et al., 1998). In the resulting F1 generation,

50% of plants were wild type and 50% were heterozygous for the ise2

mutation. Heterozygous F1 plants were allowed to self, and F2 segre-

gating populations were used for mapping. F2 plants segregated for DNA
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polymorphisms between Landsberg erecta and Columbia as well as for

the mutant phenotype. The wild type:heterozygote segregation ratio was

1:2, indicating that the mutant phenotype was the result of a single

nuclear gene mutation. Homozygous wild-type F2 individuals containing

the reciprocal products of meiotic recombination were used to make DNA

for mapping. Mapping was achieved using cleaved-amplified polymor-

phic sequence markers (Lukowitz et al., 2000). Once a region containing

ise2 was defined, DNA was prepared from homozygous mutant plants,

grown in culture on MS medium supplemented with sucrose, for direct

genomic sequence using specific primers.

Molecular Techniques

PCR primers 59-GTCGCCGGTTGTTCTACACT-39 and 59-TGAGAACA-

AAACACGAAAGCA-39, amplifying a 59 region of ISE2 locus containing

BstXI sites, were used to determine the genotype of individual plants

transformed with ISE2 cDNA. The wild-type locus contains one BstXI site,

giving digestion products of 341 and 181 bp, while BstXI is absent in

homozygous ise2. To analyze the expression of ISE2 mRNA in different

tissues, total RNA was extracted from quick-frozen tissue using the

RNeasy plant mini kit (Qiagen), followed by digestion with DNase I (DNA-

free; Ambion). Two micrograms of RNA were used as template for reverse

transcription followed by PCR. C-terminal ISE2 sequences were ampli-

fied and subsequently subcloned using pGATEWAY technology (Invitro-

gen). The C-terminal peptide fragment of ISE2 representing the last 320

amino acids was then expressed in Escherichia coli using the pDEST17

plasmid (Invitrogen), and overproduced protein was purified as inclusion

bodies and inoculated into mice. Similarly, full-length ISE2 sequences

were amplified by PCR and subcloned into pMCD85 GATEWAY binary

vector (Curtis and Grossniklaus, 2003) to express ISE2-GFP in plants.

Primer sequences are available upon request. DCP2-RFP (Xu et al., 2006)

was subcloned into the binary vector pMCD85.

Small RNA Gel Blot

Total RNA from 2-week-old seedlings was extracted using Tri-Reagent

(Sigma-Aldrich) according to the manufacturer’s instructions, precipi-

tated with isopropanol, and resuspended in water for quantification.

For RNA gel blot analyses, samples were electrophoresed on a 17%

polyacrylamide gel containing 7 M urea in 0.53 Tris borate EDTA buffer.

Probe specific for miRNA171, GUS siRNA, ta-si1511, and U6 are DNA

oligonucleotides end-labeled with biotin from Operon. Hybridization was

carried at 308C using 200 mM buffer phosphate and 5% SDS. Washing

and detection were done according to the Pierce’s North2South chemi-

luminescent hybridization and detection kit instructions. Probe sequences

were as follows: 59-GATATTGGCGCGGCTCAATCA-39 for miRNA171,

59-AAGTATCATCATTCGCTTGGA-39 for trans-acting siRNA1511, 59-

CACACTGATACTCTTCACTCCACA-39 for GUS, and 59-CTCTGTATCG-

TTCCAATTTTATC-39 for U6.

Light Microscopy

Seedlings and embryos were grown under greenhouse conditions and

observed by epifluorescence and confocal laser scanning microscopy as

described (Kim et al., 2002). Images were processed with Adobe Photo-

shop or Canvas 9.

Electron Microscopy

Developing wild-type and ise2 embryos at different stages of develop-

ment (from late-heart to mature embryos) were removed from their seeds,

loaded in sample holders filled with a solution of 0.1 M sucrose, frozen

in a Baltec HPM 010 high-pressure freezer (Technotrade), and then

transferred to liquid nitrogen for storage. Substitution was performed

in 2% (w/v) OsO4 in anhydrous acetone at –808C for 5 d, followed by

slow warming to room temperature over a period of 3 d. After several

acetone rinses, samples were infiltrated in Epon resin (Ted Pella) fol-

lowing this schedule: 10% (v/v) resin in acetone (4 h), 25% resin (12 h),

and 50, 75, and 100% (24 h each concentration). Polymerization was

performed at 608C. Sections were stained with 2% uranyl acetate in

70% methanol for 10 min followed by Reynold’s lead citrate (2.6% lead

nitrate and 3.5% sodium citrate, pH 12) and observed with a Zeiss EM

109 microscope.

PD ultrastructure was evaluated in two late-heart, two early-torpedo,

and six late-torpedo embryos. In total, ;280 PD were analyzed, and ;50

of them showed branched structure. No variation in type, frequency, or

distribution was found along different stages and embryo organs.

Accession Number

The Arabidopsis Genome Initiative locus identifier for ISE2 is At1g70070.
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The following materials are available in the online version of this article.

Supplemental Figure 1. Morphological Comparison of Wild-Type

and ise2 Embryos Revealing the Enlarged SAM Region in ise2.

Supplemental Figure 2. Comparison of Consensus DEVH RNA

Helicase Motifs with Such Motifs in ISE2 and Ski2p from Yeast, and

Phylogenetic Tree of ISE2 Homologs in Diverse Organisms.

Supplemental Figure 3. The Embryo-Lethal ise2-2 Phenotype Was

Fully Rescued by Transformation with the ISE2-GFP Sequence.

Supplemental Figure 4. ISE2 Expression Analysis.

Supplemental Figure 5. Vein Phenotypes Caused by the ise2

Mutation.

Supplemental Figure 6. Frequency of ISE2 Granules in Control and

Heat-Stressed Samples.
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